Introduction
Trace exposures to compounds or elements ubiquitous in the environment have received substantial recent attention for their potential detrimental influences on reproductive health and birth outcomes (Rahman et al., 2016) . Cadmium (Cd), a common contaminant that is toxic at relatively low-levels, is well recognized as a human carcinogen and for its toxic effects on the kidneys, liver, and bones (Nair et al., 2013) , and has been implicated as a developmental toxicant. Human exposure to Cd primarily occurs through the diet, though among smokers, cigarettes are the primary source of Cd exposure (Järup and Åkesson, 2009; Satarug and Moore, 2004) . Selenium (Se), on the other hand, is an essential micronutrient that putatively elicits numerous health benefits including anti-carcinogenic and anti-inflammatory activities, positive effects on the immune and cardiovascular systems, an ability to mitigate the toxic effects of heavy metals, and critical antioxidative roles during pregnancy (Pieczyńska and Grajeta, 2015) . However, Se also has a narrow window of sufficiency and may elicit toxic effects dependent on dose and interactions with other environmental exposures (Jablonska and Vinceti, 2015) . Like Cd, the primary source of human Se exposure is via the diet, through the consumption of plants, or of animals that fed on Se-rich plants (Pieczyńska and Grajeta, 2015; Mehdi et al., 2013) .
At the cellular level, Cd can induce delayed apoptosis, apoptosis, or necrosis (Templeton and Liu, 2010; López et al., 2003) , whereas Se can inhibit these signals (Zhou et al., 2009) . Furthermore, Cd and Se appear to influence the generation and suppression of reactive oxygen species (ROS) in a diametrically opposed a manner (Zhou et al., 2009; ElSharaky et al., 2007) . Though Cd is not a redox-active metal, once it has been absorbed into a cell, it interferes with mitochondrial function, depletes and inhibits antioxidants, and displaces redox-active metals from metal-binding proteins, all of which can result in substantial shifts in cellular redox balance towards ROS generation and increased oxidative stress (Valko et al., 2016) . Conversely, Se is a critical co-factor in redox homeostasis, interacting with many selenoproteins that neutralize reactive species and are involved in various anti-oxidative activities, hormone synthesis and reproduction (Mehdi et al., 2013) . Se has also been shown to protect against Cd-induced oxidative stress and apoptosis (Zhou et al., 2009; El-Sharaky et al., 2007; Jihen and Imed, 2009; Karabulut-Bulan et al., 2016) .
Animal models and in vitro studies have shown that Cd induces preeclampsia-like symptoms, restricts fetal growth (Wang et al., , 2016a , may interfere with placental steroidogenesis (Kawai et al., 2002; Stasenko et al., 2010) , inhibits trophoblast proliferation while promoting apoptosis (Wang et al., 2012; Erboga and Kanter, 2016) , increases placental oxidative stress (Wang et al., 2012) and interferes with maternal-fetal nutrient transfer across the placenta (Wang et al., 2016a; Mikolić et al., 2015) , demonstrating the placenta is a likely target tissue for Cd-associated reproductive toxicity. Indeed, excess ROS generation in the placenta has also been associated with altered placental function and negative pregnancy outcomes (Min et al., 2009; Scifres and Nelson, 2009; Vanderlelie et al., 2005) . Furthermore, Cd may influence the distribution of Se across maternal, fetal and placental tissues, and vice versa (Al-Saleh et al., 2015; Kantola et al., 2004) .
Epidemiologic studies have observed increasing concentrations of placental, maternal or fetal Cd to be associated with various measures of restricted fetal growth or pregnancy complications (Al-Saleh et al., 2015 Kippler et al., 2013 Kippler et al., , 2012 Johnston et al., 2014; Laine et al., 2015; Llanos and Ronco, 2009; Wang et al., 2016b; Menai et al., 2012) . Alternatively, many studies have found that maternal, fetal or placental Se concentrations positively correlate with fetal growth and successful pregnancies (Bogden et al., 2006; Klapec et al., 2008; Negi et al., 2012; Sun et al., 2014; Rayman et al., 2011 Rayman et al., , 2015 Rayman et al., , 2003 . The adverse Cd-associated pregnancy and birth outcomes may be mitigated by concurrently higher levels of Se. While Cd-Se antagonism has been demonstrated at the cellular level with redox and apoptotic activity, only a handful of epidemiologic studies have investigated these responses, and these have produced mixed results. Laine et al. (2015) found that the odds of Cd-associated preeclampsia (PE) were higher among mothers with lower placental concentrations of Se (Laine et al., 2015) , while Al-Saleh et al. (2015) observed no antagonism between Se and Cd on birth anthropomorphic measurements (Al-Saleh et al., 2015) .
There is biological evidence that Cd and Se can influence steroid biosynthesis, redox balance, apoptotic signaling, fetal growth, and successful pregnancies. Yet there is much left to be unraveled about the mechanisms through which trace exposures to Cd and Se during pregnancy influence fetal growth and pregnancy outcomes in humans. Studies have shown that the tumor necrosis factor super family (TNF-SF) encompasses many potent pro-apoptotic cytokines and their receptors (Zelová and Hošek, 2013) , in which some of them have been shown to be perturbed by Cd exposure (Kayama et al., 1995; Kim et al., 2002; Kumar et al., 2016) . Cd has also been observed to perturb various steps in progesterone, testosterone, cortisol/cortisone, and estradiol/ estrone synthesis Kawai et al., 2002; Nagata et al., 2005; Pillai and Gupta, 2005; Pandya et al., 2012; Ronco et al., 2010) , and the by-products of these activities present major sources of intracellular ROS, particularly those involved in electron transport at the mitochondrial membrane (Prasad et al., 2014) . Based on these observations, we sought to test the hypothesis that maternal Cd and Se exposures during pregnancy might be associated with variations in the placental expression patterns of key genes involved in apoptotic signaling or ROS generation via steroidogenesis, and could be related to fetal growth. Cd and Se were measured in maternal toenails collected postpartum and which represent long-term exposure. In this study, we included all TNF-SF genes that were sufficiently detectable in our placental samples, which comprised of 19 TNF-SF receptors (TNFRSF1A,  TNFRSF1B, TNFRSF3, TNFRSF4, TNFRSF5, TNFRSF6, TNFRSF10A,  TNFRSF10B, TNFRSF10C, TNFRSF10D, TNFRSF11A, TNFRSF12A,  TNFRSF14, TNFRSF16, TNFRSF19, TNFRSF19L, TNFRSF21, TNFRSF25 , and TNFRSF27) and 2 TNF-SF ligands (TNFSF10 and TNFSF15). Thorough descriptions of TNF-SF receptor-ligand interactions and their functions are reviewed (Zelová and Hošek, 2013) . The TNF-SF genes included in our study, as well as their major structural similarities are highlighted in the supplemental materials (Supplemental Fig. 1A) . Additionally, we investigated cytochrome P450 (CYP11A1 and CYP19A1) and hydroxysteroid dehydrogenase (HSD3B1, HSD3B7, HSD11B1, HSD11B2, HSD17B1, and HSD17B2) genes involved in steroid biosynthesis. Moon et al (2014) provide a thorough description of this pathway in association with preeclampsia (Moon et al., 2014) ; we highlight the genes included in our study in the supplemental materials (Supplemental Fig. 1B ).
Methods

Rhode Island Child Health Study
The Rhode Island Child Health Study (RICHS) is a hospital-based birth cohort of healthy mothers with singleton, viable, non-pathologic pregnancies born at ≥ 37 weeks gestation from the Women and Infants' Hospital in Providence, RI, USA (n = 840). Exclusion criteria comprised of maternal age less than 18 years, life threatening conditions, or infants with congenital/chromosomal abnormalities. This study aimed to investigate factors associated with very large and very small birth sizes. In accordance with the eligibility criteria, mothers of infants born large for gestational age (LGA) (≥ 90th BW percentile) and SGA (≤ 10th BW percentile) during normal working hours and up to two infants born adequate for gestational age (AGA) (between the 10th and 90th BW percentiles) of the same sex, gestational age ( ± 3 days), and maternal age ( ± 2 years) were approached; 63% of those approached agreed to participate. All protocols were approved by the institutional review boards at the Women and Infants' Hospital and Emory University and all participants provided written informed consent. Toenails for trace elements measurements (n = 242), and placental samples for gene expression profiling (n = 200), were collected after delivery. This study included the cross-section of mother-infant pairs for which both toenail trace elements and placental gene expression measurements were available (n = 173).
Medical records and questionnaire-based data
An interviewer administered questionnaire was used to collect selfreported sociodemographic, lifestyle, and medical history data, and a structured medical records review was employed to collect anthropometric and clinical data. Data on gestational weeks, infant sex, birth weight (grams) and intrauterine growth restriction (IUGR) status, which was determined in utero via ultrasound, were obtained via medical records abstraction. Size at birth was categorized as SGA, AGA, and LGA, calculated as sex-specific birthweight percentiles adjusted for gestational age via the revised Fenton growth chart (Fenton and Kim, 2013) .
Toenail Cd and Se concentrations
Toenail clippings were collected from mothers approximately 2.8 T.M. Everson et al. Environmental Research 158 (2017) 233-244 months postpartum via pre-labelled collection envelopes as described in a prior study (Everson et al., 2016) . Protocols for toenail cleaning, preparation, and analysis via inductively coupled plasma mass spectrometry (ICP-MS) have been described in detail elsewhere (Punshon et al., 2016 (Method, 1998) ; QC involved initial and continuing calibration verification and blanks, digestion blanks, and fortified blanks. Hair powder certified reference materials were used to check the accuracy of the method (NIES # 13 and GBW07601, certified at 0.23 and 0.11 µg/g (Cd) and 1.79 and 0.6 µg/g (Se)). Recoveries for NIES # 13 (n = 17) were 102% ± 12% (Cd) and 91% ± 6% (Se) while recoveries for GBW07601 (n = 9) were 114% ± 8% (Cd) and 102% ± 10% (Se). Because each study participant provided a different mass (g) of the toenail (ranging between 0.0011 g and 0.1223 g), the assay had samplespecific detection limits (SSDL) for each metal. Medians for the SSDLs were 0.0059 (IQR = 0.015) μg/g for Cd and 0.017 (IQR = 0.030) μg/g for Se; reported concentrations were above the SSDLs for > 99% of samples for Se, and 49% for Cd.
Placental gene expression
Within two hours of birth, full-thickness sections of placenta were biopsied from the fetal side, free of maternal decidua, at four quadrants around the cord insertion. These samples were immediately placed in RNAlater™ (Applied Biosystems, Inc., AM7020). Following ≥72 h at 4ºC, samples were blotted dry and snap-frozen in liquid nitrogen. The samples were homogenized and stored at −80°C until RNA was extracted for analyses via RNA-seq. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA), ribosomal RNA was removed and the RNA sequencing library was prepared using a RiboZero Kit (Huang et al., 2011) and the rRNA depleted samples were converted to cDNA using random hexamers (Thermo Scientific, Waltham, MA). Transcriptome-wide RNA sequencing was conducted using the HiSeq. 2500 platform (Illumina, San Diego, CA) (Bentley et al., 2008) . Approximately 20 million single-end reads (50 bp in length) were generated per sample. The raw RNA sequencing data (fastq files) were assessed for quality control, including read length and GC content, using the FastQC software. Reads that passed the quality control metrics were mapped to the human reference genome (hg19) in a splice-aware manner using the Spliced Transcripts Alignment to a Reference (STAR) aligner, with common SNPs in the reference genome masked prior to alignment. Genes with counts per million < 1 in greater than 30 samples (the sample size of the smallest phenotypic group in this study) were considered unexpressed and removed. Read counts were GC content adjusted using the EDASeq R package, followed by TMM correction for library size differences across samples using the calcNormFactors function in edgeR R package. The data was then transformed into logCPM values accounting for the mean-variance relationship in the data using the voom function of the limma R package. The normalized log2 counts per million (logCPM) reads were filtered to genes with expression levels above 2 in the log2 scale in a minimum of 30 samples. The Blom transformation was used to correct for skewness, unequal variance between genes, and potential outliers (Zwiener et al., 2014) . The final data-set included 12,137 genes, from which our 21 TNF-SF and 8 steroidogenesis candidate genes were selected. Batch effects were removed from the data via the 'combat' function in the 'sva' R.
Statistical analysis
Toenail Cd and Se concentrations that were below the limit of detection (LOD) were assigned a value equal to half of their SSDL. Cd concentrations were log-normally distributed, so Cd was natural logtransformed prior to all analyses. Se concentrations were approximately normally distributed with a few potential outliers in both tails of the distribution. To reduce the potential bias that these outliers may introduce into our regression models, we winsorized (Wilcox and Keselman, 2012) the Se distribution by three times the median absolute deviation, resulting in seven data points being recoded to the maximum and minimum values of the truncated distribution (Supplemental Fig. 2) .
Exploratory factor analysis (EFA), a multivariate method that examines the degree to which unmeasured latent variables are described by a set of measured variables, was used to reduce the dimensionality and summarize the expression patterns of the TNF-SF gene set (21 genes) and steroidogenesis gene set (8 genes). The number of factors was determined by sequentially adding in additional factors (starting with one factor) while calculating goodness-of-fit measures and stopping once the minimum value for the Bayes information criterion (BIC) was achieved. To improve interpretability of factor loadings, we utilized the promax rotation, which is an oblique rotation that allows for correlations between factors. We opted for an oblique solution because we assumed that there may be multiple underlying but potentially correlated patterns within the TNF-SF and redox expression structures. We explored the correlations between genes using Pearson correlations and heatmaps, then used Pearson correlations and scatterplots to characterize correlations between factors.
Associations between binary outcomes (odds of IUGR or SGA) and metals concentrations were fitted with penalized logistic regressions models to reduce potential small-sample bias (Firth, 1993) . Robust linear models were used to estimate the associations between metals concentrations and factor scores. Standard errors were calculated from covariance matrices estimated via robust sandwich estimators shown to be effective with small samples and potentially influential observations (Long and Ervin, 2000) . Multivariate analyses of covariance (MAN-COVA) and analyses of covariance (ANCOVA) were used to assess whether the distributions of factor scores were associated with birth outcomes.
Adjustment covariates and effect modifiers were selected based on literature review. Smoking during pregnancy was included as a covariate due to its effects as a reproductive toxicant and its influence on tissue concentrations of Cd (Punshon et al., 2016) and Se (Mistry et al., 2014) . Because Cd may accumulate in body tissues with age, and the placenta of older mothers may have higher concentrations of Cd (Punshon et al., 2016) , and maternal age can influence pregnancy success and birth outcomes (Kenny et al., 2013) , we included maternal age in all models. Gestational age was included due to its strong influence on birth size and a potential inverse relationship with placental apoptosis (Erboga and Kanter, 2016) . We also explored potential effect modification by infant sex (Kippler et al., 2013; Romano et al., 2016) .
Results
Cd and Se associations with fetal growth
The study sample (n = 173) exhibited very similar distributions of all covariate and outcome variables when compared to the full RICHS cohort (n = 840) (Supplemental Table 1 ). The median and IQR for toenail concentrations of Cd (median = 0.0084 μg/g, IQR = 0.012 μg/ g) were substantially lower than for Se (median = 0.965 μg/g, IQR = 0.226 μg/g) (Supplemental Table 2 ). Median maternal Cd concentrations were higher among IUGR-complicated pregnancies (median = 0.015 μg/g) or those that resulted in SGA (median = 0.0091 μg/g), and lowest among pregnancies complicated by neither (median = 0.0083 μg/g). Conversely, median maternal Se concentrations were lower among IUGR-complicated pregnancies (median = 0.869 μg/g) or those that resulted in SGA (median = 0.972 μg/g), whereas pregnancies complicated by neither had the highest Se concentrations (median T.M. Everson et al. Environmental Research 158 (2017) 233-244 = 0.974 μg/g). White mothers had a lower proportion of SGA and IUGR births, and female infants were more likely to be SGA or IUGR than male infants. Most other covariates and demographic characteristics were similar across babies born SGA, IUGR, or neither SGA or IUGR (Table 1) . Maternal toenail Se and Cd concentrations were not significantly associated with smoking during pregnancy, ever-smoking status, highest educational achievement (t-test or correlation p-values > 0.05), maternal age, or weeks of gestation (correlation p-values > 0.05). However, toenail concentrations of Cd and Se were modestly inversely correlated with each other (r = −0.18, p-value = 0.02), Se was higher among white mothers (t-test p-value = 0.0077), and Cd was higher among mothers that gave birth to female infants (ttest p-value = 0.0077). We then tested whether these variations in Cd and/or Se were associated with IUGR or SGA outcomes while controlling for potential confounders ( Table 2) . Odds of IUGR were significantly lower among mothers with higher Se concentrations (OR = 0.27, 95% CI = (0.08, 0.98) per IQR increase in toenail Se), adjusted for maternal Cd, infant sex, gestational time, maternal age and maternal smoking during pregnancy. Whereas odds of IUGR were greater with increasing maternal Cd, though this association was not statistically significant (OR = 1.95, 95% CI = (0.82, 4.65) per IQR increase in toenail Cd). Neither element was significantly associated with odds of SGA. We then tested whether associations between Cd and IUGR or SGA were dependent on Se concentrations or infant sex. None of the stratified models yielded statistically significant associations, though the odds ratio for Cd and IUGR was substantially larger within the low Se strata (OR = 3.32, 95% CI = (0.88, 12.48)). Since others have observed that Cd associations with fetal growth and pregnancy complications might vary by sex and Se exposure, we then included Se*log-Cd and sex*log-Cd interaction terms within the adjusted logistic regression models. Though none of the interaction terms yielded p-values < 0.05, we present the stratified results to allow for comparisons with other studies (Supplemental Tables 3).
Cd and Se associations with gene expression
To test whether Cd and/or Se concentrations in maternal toenails were associated with placental redox and TNF-SF signaling, we identified 29 candidate genes, 8 involved in steroidogenesis reactions (STR) and 21 involved in TNF signaling. Many of the expression levels within these gene sets were at least moderately correlated with each other (Fig. 1A) , thus we conducted exploratory factor analyses (EFA) to summarize the major axes of variation within each gene set. Using the minimum BIC and the extended BIC (eBIC) to determine the number of factors (Supplemental Table 4 ), we reduced 21 TNF genes to 5 factors and 8 steroidogenic (STR) genes to 2 factors. Factor loadings and annotations for the TNF (Table 3) and STR (Table 4 ) gene sets aided in our interpretations of these factors and their potential functional relevance. The CYP11A1 and HSD3B1 genes, which drive the first steps of steroid biosynthesis, were co-expressed and loaded to the same factor (STR Factor 2), whereas genes that drive biosynthesis in opposite directions (HSD11B1 vs HSD11B2, and HSD17B1 vs HSD17B2) tended to be anticorrelated and loaded to different factors. Additionally, all of the TNFSF10 receptors (TNFRSF10A-D) were co-expressed and at least moderately loaded to TNF Factor 1 (loadings > 0.3). The remaining TNF-SF factors were loaded with various combinations of genes involved in both pro-and anti-apoptotic signaling. For instance, TNF Factor 2 was strongly loaded with both a pro-apoptotic gene (TNFRSF27) and a decoy rector (TNFRSF10C) that most likely inhibits apoptosis, though these two receptors interact with different ligands.
Interestingly, many of the STR and TNF factor scores were moderately-to-highly correlated with each other (Fig. 1B) . Of particular note, were the strong correlations between STR Factor 1 with TNF Factor 1 (r = 0.47) and TNF Factor 4 (r = 0.70), and the moderate-to-strong correlations between STR Factor 2 with TNF Factor 2 (r = 0.34), TNF Factor 3 (r = 0.43), and TNF Factor 5 (r = 0.61), all with p-value < 0.0001.
We then tested whether Cd and Se were associated with the TNF and STR factor scores, via adjusted linear regression models while including log(Cd)*Se interaction terms (Table 5) . Four of the seven factors yielded interaction p-values < 0.05 (STR Factor 2, TNF-SF Factor 2, TNF-SF Factor 3, and TNF-SF Factor 5). Because we considered that either Se T.M. Everson et al. Environmental Research 158 (2017) 233-244 may alter the relationship between Cd and the factor scores, or that Cd may alter the relationship between Se and factor scores, we produced four post-hoc models for each of the four factors with potential Cd-Se interactions: stratified by median Se and then stratified by median Cd (Supplemental Figures 3-6 ). We observed consistently antagonistic relationships between Cd and Se with STR Factor 2 and TNF Factor 5 in which log(Cd) was positively associated with factor scores within the low-Se strata (Se < 0.97 μg/g) while Se was inversely associated with the factor scores within the higher Cd strata (Cd ≥ 0.0084 μg/g). Se was also inversely associated with TNF Factor 2 and TNF Factor 3 within the high Cd strata, though log(Cd) was not associated with these factors; results are presented in Figs. 2A 
Gene expression associations with fetal growth
We then tested whether the set of TNF and STR factors were associated with IUGR and birth size by gestational age (SGA, AGA, and
LGA) via multivariate analysis of covariance (MANCOVA), adjusted for maternal age, maternal smoking during pregnancy, and infant sex. The multivariate set of factors did not differ by IUGR (multivariate F-test pvalue = 0.44). However, variations in the distribution of TNF and STR factors were significantly associated with birth size by gestational age (multivariate F-test p-value = 0.00016). We then performed individual analyses of covariance (ANCOVA) on each factor separately and found that TNF Factor 5 (p-value = 0.0023), TNF Factor 4 (p-value = 0.0083), and STR Factor 2 (p-value = 0.0021) were associated with birth size. Among those factors with significant differences in factor scores by birth size, larger factor scores were associated with babies born SGA compared to LGA for STR Factor 2 and TNF Factor 5, whereas TNF Factor 4 exhibited the opposite relationship (Fig. 2C) .
Sensitivity analyses
We ran two sensitivity analyses to assess potential biases in our approach. To evaluate possible bias introduced by winsorizing our Se data, which contained apparent influential observations, we performed HSD17B2  HSD11B1  CYP19A1  HSD11B2  HSD17B1  HSD3B7  HSD3B1  CYP11A1   HSD17B2  HSD11B1  CYP19A1  HSD11B2  HSD17B1  HSD3B7  HSD3B1  CYP11A1  TNFRSF10C  TNFRSF27  TNFRSF19L  TNFRSF1A  TNFRSF3  TNFRSF12A  TNFRSF25  TNFRSF4  TNFRSF1B  TNFRSF6  TNFRSF11A  TNFRSF19  TNFRSF16  TNFSF15  TNFRSF10A  TNFRSF10B  TNFRSF10D  TNFRSF21  TNFSF10  TNFRSF14  TNFRSF5   TNFRSF10C  TNFRSF27  TNFRSF19L  TNFRSF1A  TNFRSF3  TNFRSF12A  TNFRSF25  TNFRSF4  TNFRSF1B  TNFRSF6  TNFRSF11A  TNFRSF19  TNFRSF16  TNFSF15  TNFRSF10A  TNFRSF10B  TNFRSF10D  TNFRSF21  TNFSF10  TNFRSF14 T.M. Everson et al. Environmental Research 158 (2017) 233-244 penalized logistic and robust linear regression models done with and without excluding Se concentrations that were 3*IQR greater or lesser than the median. The results were not affected by these exclusions (data not shown). Next, to evaluate the influence that Cd concentrations below the limits of detection (51%) may have had on our findings, we repeated our penalized logistic models for IUGR and SGA (Supplemental Table 5 ), robust linear regression models with log(Cd)*Se interactions (Supplemental Table 6 ), and robust linear regression models stratified by Cd and Se (Supplemental Table 7 ), while only including those samples for which both Cd and Se concentrations were above the limits of detection (n=85). This reduced sample yielded similar associations between IUGR and Se (OR= 0.35, 95%CI = 0.13, 0.91), however the IUGR-association with Cd was attenuated and the confidence interval substantially overlapped the null (OR = 1.21, 95%CI = 0.43, 3.39). Though none of the models with factor scores as the outcomes and log (Cd)*Se interaction terms as the exposures yielded p-values < 0.05 in this sample, three of the four interaction terms did exhibit p-values < 0.15 and TNF Factor 5 which had a p-value = 0.154. Additionally, the directions of effect remained the same for all parameter estimates, and some of the magnitudes of Se-effects actually became stronger for associations with STR Factor 2, TNF Factor 2, and TNF Factor 3 (Table 5;  Supplemental Table 6 ). Likewise, the linear models stratified by Se and Cd produced relationships with the same direction and greater magnitude of association when compared to the original models (Supplemental Table 7 ) for all factors except for TNF Factor 5.
Last, we explored whether additional adjustments for maternal ethnicity, which was associated with toenail Se concentrations, influenced the observed associations between Cd and Se with IUGR and SGA, or with the interaction terms from our models with factor scores. We found that adjusting for maternal ethnicity did somewhat attenuate the association between Se and IUGR, though mothers with higher Se still tended to have lower odds of IUGR (OR = 0.34, 95% CI: 0.10-1.13). These adjustments also resulted in the interaction p-value for TNF Factor 3 to no longer be significant (p-value = 0.25), though it did not alter the interpretations of interaction terms for the other linear models: STR Factor 2 (p-value = 0.014), TNF Factor 2 (p-value = 0.015), or TNF Factor 5 (p-value = 0.0028).
Discussion
In this study, toenail concentrations of the potentially reproductively toxic metal, Cd (median = 0.0084 μg/g, IQR = 0.013 μg/g), were similar but lower than those reported in the Normative Aging Study (Mordukhovich et al., 2012) , a case control study of prostate cancer in Italy (Vinceti et al., 2007) , and a study of Cd-associations with prostate cancer in Maryland, USA (Platz et al., 2002) ; median Cd concentrations from these studies ranged between 0.015 μg/g and 0.055 μg/g. This is not unexpected since our study only included healthy women of reproductive age, and had a much higher proportion of non-smokers; 76% of our sample identified as never-smokers, whereas in the above studies prevalence of never-smokers ranged from 29% to 43% (Mordukhovich et al., 2012; Platz et al., 2002) . Toenail concentrations of Se in our sample (median = 0.97 μg/g, IQR = T.M. Everson et al. Environmental Research 158 (2017) 233-244 0.23 μg/g) tended to be higher than those reported in previous studies of women in the UK (median = 0.61 μg/g) (Rayman et al., 2015) or the Netherlands (Brandt et al., 1994 (Brandt et al., , 2003 (means = 0.57 μg/g and 0.53 μg/g, respectively), and more similar but still higher than previously observed concentrations in the USA (means ranged between 0.77 μg/g and 0.96 μg/g) (Garland et al., 1993; Hunter et al., 1990; Park et al., 2011; Wallace et al., 2009; Xun et al., 2010; Yoshizawa et al., 1998) . The high Se in RICHS could be due to many factors, including the US having substantially higher Se intake compared to Europe which is due, in part, to Se-deficient soils in Europe (Rayman, 2012) Additionally, women, non-smokers, and those of white ethnicity have been observed with higher Se levels (Xun et al., 2010 ) and our cohort is predominantly composed of non-smoking white mothers, most of whom took prenatal vitamins that likely included Se. Furthermore, the majority of reported toenail-Se levels in the US come from the Nurses' Health Study (NHS) and the Health Professionals Follow-up Study (HPFS) (Garland et al., 1993; Hunter et al., 1990; Park et al., 2011; Yoshizawa et al., 1998) , from which toenails were collected in 1982-83 and 1986-87, respectively. One follow-up study of some NHS participants found significantly higher Se concentrations in 1988 (mean = 0.92 μg/g) when compared to paired samples from the original study in 1982 (mean = 0.83 μg/g) (Garland et al., 1993) . These findings likely indicate that Se intake and exposure changes over time, and the values reported in the 1980s may not be representative of the today's US population. In our study, associations between Cd and IUGR or SGA were not statistically significant, perhaps due to limited statistical power (relatively small sample size and low Cd concentrations). However, odds ratios ranged between 1.45 and 1.95, associated with a one IQR increase in log(Cd), for all crude and adjusted models of SGA and IUGR. These are comparable to other investigations of Cd on growth restriction and pregnancy outcomes, and similar to a previous study from our lab utilizing a larger sample size (n = 242), which applied different statistical methods and did not adjust for Se exposure, that did observe a significant Cd-SGA association (Everson et al., 2016) . Other investigations have observed associations between increasing placental, maternal or fetal Cd concentrations with increased odds of preeclampsia (PE) (Laine et al., 2015) and odds of SGA (Al-Saleh et al., 2015; Johnston et al., 2014; Wang et al., 2016b) , and with decreased birth weights (Kippler et al., 2012; Llanos and Ronco, 2009; Menai et al., 2012) , birth weight percentiles (Johnston et al., 2014) , head circumference (Kippler et al., 2012) , Apgar 5-min scores and with placental size (Al-Saleh et al., 2015) . Some of these associations were dependent on low maternal Se concentrations (Laine et al., 2015) or varied by infant sex (Kippler et al., 2013 (Kippler et al., , 2012 Romano et al., 2016) . We did not observe any sex-dependent associations in our study. However, mothers with lower Se concentrations exhibited a much stronger association between Cd and IUGR, though the 95% CI still included the null.
On the other hand, we observed a clear inverse association between maternal Se concentrations and IUGR. This is on par with other investigations that found cord blood Se to be positively associated with birth weight (Klapec et al., 2008; Sun et al., 2014) , and low maternal Se concentrations associated with low birth weight (Bogden et al., 2006) , preterm birth (Rayman et al., 2011) , and with increased odds and severity of PE (Rayman et al., 2003 (Rayman et al., , 2014 . These studies, like ours, highlight a potential role for Se in promoting successful pregnancies and protecting against fetal growth restriction. However, we did not observe an inverse association between maternal Se and SGA, which may be due to residual confounding or the overall high levels of Se measured in our sample, or differences in the definitions of IUGR and SGA in our study. IUGR was clinically diagnosed via ultrasound during pregnancy, whereas SGA was defined after birth for all children based on their birth weight, sex, and gestational age (Fenton and Kim, 2013) . Although these infants are considered small, the majority of pregnancies resulting in SGA births are unlikely to be pathological (Peleg et al., 1998) . IUGR, on the other hand, is most commonly related to placental insufficiency but may also result from other maternal and/or fetal pathologies (Figueras and Gardosi, 2011) . Thus, this discordance of findings, an inverse association between maternal Se and IUGR but no association between Se and SGA, may reflect the potential for Se to protect against pathologically-associated fetal growth restriction (IUGR) but not against more common, non-pathological SGA births.
The factor analyses revealed correlation structures in the placental expression patterns of steroid biosynthesis genes and TNF-SF signaling which reflect their biologic functions. CYP11A1 and HSD3B1 drive the first steps of steroid biosynthesis, from cholesterol to pregnenolone then to progesterone, and appear to be co-expressed in human placental tissue. Whereas the genes that drive synthesis towards cortisone (HSD11B2) versus cortisol (HSD11B1), or towards estrone (HSD17B2) versus estradiol (HSD17B1), appear to be modestly anti-correlated. Additionally, the TNFSF10 receptors appear to be co-expressed in placental tissue, which elicit both pro-(TNFRSF10A and TNFRSF10B) and anti-(TNFRSF10C and TNFRSF10D) apoptotic responses. Likewise, many of the TNF-SF factors were loaded with genes involved in both apoptotic and cell survival signaling. Interestingly, we found that maternal Cd and Se concentrations were differentially, and antagonistically, associated with the placental expression of TNF genes involved apoptotic signaling and steroidogenic activities that may disrupt redox balance. Three of the seven factors representing these gene expression patterns were associated with birth size for gestational age. The two factors most strongly associated with birth size (TNF F5 and STR F2) were also consistently associated with Se and Cd in a diametrically opposed manner.
TNF-SF Factor 5, which was associated with higher Cd, lower Se, and smaller birth size, was primarily loaded with the expression levels of TNFRSF1A (aka. TNFR1), which is one of the two the primary receptors for TNFα. These findings are on par with experimental studies, which have demonstrated that Se and Cd can perturb TNF-signaling, particularly TNFα. Se-deficient macrophages have been shown to overexpress TNFα upon lipopolysaccharide (LPS) stimulation (Vunta et al., 2008) , and Se can repress the TNFα-activation of the nuclear factor NF-κB (Zhang et al., 2002; Maehira et al., 2003) , an important regulator of cytokine production. Conversely, TNFα signaling plays an T.M. Everson et al. Environmental Research 158 (2017) 233-244 important role in Cd-induced hepatotoxicity (Kayama et al., 1995) and Cd-associated cell death has been shown to be potentiated by TNFα and possibly TRAIL, another TNF-SF ligand (Kim et al., 2002) . Additionally, the placental and/or maternal expression of TNFα may influence fetal growth. Placenta from idiopathic fetal growth restricted pregnancies have been shown express greater levels of TNFα (Almasry et al., 2012) . Furthermore, maternal serum concentrations of soluble TNFR1 (sTNFR1) were elevated in pregnancies complicated by PE, pregnancies also affected by IUGR had the highest levels of sTNFR1 and sTNFR1 was inversely associated with infant weight (Minuz et al., 2015) . Our findings provide additional evidence that Cd may be positively associated, and Se inversely associated, with placental TNFR1 expression and that its expression may play a role in fetal growth restriction. We also provide some evidence that trace element-associated and fetal growth-associated variations in TNF-signaling may not be limited to TNFα and TNFR1. TNF Factor 5 was also moderately loaded with TNFRSF19L (aka. RELT) and inversely loaded with TNFSF15 (aka. VEGI) and TNFRSF19 (aka. TROY). RELT overexpression has been shown to promote apoptosis (Cusick et al., 2010) . Whereas, increased placental expression of VEGI may play a role in PE and placental dysfunction, as a potential target of hypoxia-induced micro-RNA (miR517a/b and miR-517c) expression (Anton et al., 2015) . TROY has also Associations between Se and factor scores (y-axes) dependent on higher Cd concentrations, and (B) associations between Cd and factor scores (y-axes) dependent on lower Se concentrations; (C) average factor scores by birth size groups (AGA, SGA, and LGA); all models adjusted for maternal age, maternal smoking, gestational age, and infant sex.
T.M. Everson et al. Environmental Research 158 (2017) 233-244 been implicated as a promoter of paraptosis, a type programmed cell death (Wang et al., 2004) , as well as a promoter of nuclear factor NF-κB mediated transcription via lymphotoxin-α (LTα) binding (Hashimoto et al., 2008) or initiation of the JNK cascade (Mikkola, 2008) , both pathways may suggest a role in regulating apoptosis. Activation of TROY has been implicated as being critical to skin appendage development and may have other functions redundant with the Eda-receptor (Hashimoto et al., 2008; Mikkola, 2008) . However, the placental-specific functions of RELT, VEGI, and TROY are not well understood. Furthermore, TNF Factor 2 and TNF Factor 3 were inversely associated with Se concentrations. These factors were primarily loaded with expression levels of TNFRSF27 and TNFRSF3. Interestingly, the TNFRSF27 gene encodes the Eda isoform A2 receptor (EDA2R), which induces apoptotic signaling upon binding to its ligand (Sinha and Chaudhary, 2004; Chang et al., 2007) . Likewise, the TNFRSF3 gene encodes the lymphotoxin-β (LTβ) receptor (LTBR), which also an induces cell death upon activation (You et al., 2006 ) via TNFRSF14, LTβ or a LT-α/β complex. Additionally, though the factor (TNF factor 2) loaded with LTBR did not significantly differ by birth size, placenta of SGA infants did tend to have higher factor scores than those that were AGA or LGA (Supplemental Fig. 7 ). The expression levels of these receptors have not previously been studied in relation to Se, Cd, or birth outcomes. However, in a study of prostate cancer cells, LTBR, among many other genes, was shown to be differentially expressed in response to some selenium compounds (selenomethionine and methyl-seleninic acid) (Zhao and Brooks, 2007) . Placental expression levels of these and other TNF-SF genes deserve consideration from future studies to clarify which TNF-SF pathways may be most responsive to trace-element exposures and how they may influence birth outcomes.
STR Factor 2, which was also associated with increasing Cd, decreasing Se, and smaller birth size, was primarily loaded with the expression levels of HSD3B1 and CYP11A1. This is consistent with other studies that found dysregulation of steroidogenesis genes in relation to Cd exposure. Mouse models have demonstrated Cd exposure may downregulate the expression of CYP11A1 (Hu et al., 2014) . Similarly, the expression of CYP11A1 and HSD3B1 have been shown to be downregulated in response to Cd in Leydig Cells (Ji et al., 2015) and in cultured trophoblasts (Kawai et al., 2002) . Whereas, Wang et al. (2014) observed increased corticosterone synthesis and significantly up-regulated CYP11A1 (and increased HSD3B1 though not statistically significant) in placenta of rats exposed to Cd during pregnancy, and that increased circulating corticosterone was associated with PE-like symptoms and IUGR . Another study found that selenium deficiency resulted in substantially decreased steroidogenesis in adrenal cells, but did not assess the expression levels of CYP11A1 or HSD3B1 (Chanoine et al., 2001) . These studies and ours suggest that Cd and Se may disrupt the expression of steroidogenic genes. Our findings were specific to the up-regulation of CYP11A1 and HSD3B1, both of which localize to the mitochondrial membrane. Further investigations are necessary to clarify whether these trace elements repress or promote the expression of these genes in tissue-specific and/or dose-dependent manners.
Both CYP11A1 and HSD3B1 have been found to be hypo-methylated and more highly expressed in placenta from PE pregnancies compared to control pregnancies (Hogg et al., 2013) . Similarly, P450scc, encoded by CYP11A, was more highly expressed in placenta samples complicated by PE compared to normal pregnancies and this upregulation in human trophoblast cell lines reduced cell viability and increased apoptosis under hypoxic conditions (He et al., 2013) . While others found that CYP11A1 was up-regulated in serum of women with PE pregnancies (Moon et al., 2014) . Our findings provide support that placental CYP11A1 and HSD3B1 may be up-regulated in association with maternal Cd while maternal Se exhibits the opposite relationship, and that increased placental expression of these steroidogenic genes is associated with decreasing size for gestational age.
We also observed strong correlations between some of the TNF and STR factors, particularly among those primarily TNF Factor 5 (loaded with TNFRSF1A) and STR Factor 2 (primarily loaded with HSD3B1). Considering the strong statistical overlap between these factors and the biological overlap between apoptotic signaling and redox balance, it is possible that our findings with TNF and STR genes do not represent independent mechanisms. TNF mediated apoptosis often works through the potentiation of reactive oxygen intermediates (ROI), and anti-oxidative mechanisms can block many, but not all, TNF-SF apoptotic signals (Shakibaei et al., 2005) . Unexplained recurrent spontaneous abortions or miscarriages have been associated with lower levels of antioxidants, increased markers of oxidative stress, and higher levels of TNFα (El-Far et al., 2009 . Likewise, trophoblasts from placenta complicated by PE and/or IUGR are more susceptible to hypoxia-and TNFα-induced apoptosis (Crocker et al., 2003; Longtine et al., 2012) . We present additional evidence that TNFα-and/or steroidogenic activity that may increase ROS within the placenta likely play important roles in fetal growth, and that these systems may be perturbed by trace element exposures during pregnancy. Identifying risk factors and protective factors for IUGR and other pregnancy complications, has important public health implications. IUGR-complicated pregnancies and babies born SGA confer an increased risk for perinatal morbidity and mortality, as well as poor cognition, neurodevelopmental disorders, cardiovascular complications and metabolic diseases in adolescence and/or adulthood (Pallotto and Kilbride, 2006; Salam et al., 2014) . The potential antagonistic effects between Se and Cd on critical placental signaling pathways and on pregnancy outcomes, presents a notable opportunity since Se exposure is largely a function of diet, and thus is modifiable. Should further studies continue to produce evidence that Se intake can mitigate Cdassociated pregnancy complications, or other oxidative stress-associated effects, recommendations for increasing Se consumption during pregnancy may be developed. Some already argue that the evidence in favor Se supplementation during preconception is compelling enough, at least for those with Se deficiency (Pieczyńska and Grajeta, 2015) , but also recommend future Se intervention trials.
The mounting evidence from these studies and ours, suggest that maternal exposures Cd and Se are likely associated with pregnancy outcomes and fetal growth, though these associations may be dependent on some conditions that are still being explored (concurrent exposures and fetal sex). If these associations represent causal effects, they may be potentiated, in part, through disruptions to redox activities and apoptotic signaling in placental tissue. Future studies should consider investigating similar birth outcomes and placental expression patterns, but expand the breadth of the metals exposures to explore other potential interactions or even metal-mixture associations.
Overall, we found that Cd and Se were most strongly associated with IUGR, and less so with SGA, while the Cd-and Se-associated expression patterns were associated with birth size by gestational age but not with IUGR. Though this suggests that the Cd-and Se-associated variations in placental steroidogenic and TNF-SF expression patterns are important in fetal growth, we could not conclude that these variations in expression mediate Cd-and Se-associated fetal growth restriction. This may be due, in part, to some of the limitations of this study, which include possible selection bias, small sample size, and potential for residual confounding. The RICHS cohort only included non-pathological, successful pregnancies with a minimum of 37 weeks gestation. Given that maternal Se deficiency and high Cd exposure have been associated with increased odds of preterm birth (Rayman et al., 2011) and increased odds of PE (Laine et al., 2015; Rayman et al., 2015) , it possible that mothers with some of the highest levels of Cd and/or lowest levels of Se would have been more likely to have had pathological pregnancies and thus should have been excluded from this study. If so, exclusion of these mothers could have hindered our ability to detect associations between these metals, pregnancy outcomes, and placental TNF-SF and redox signaling. Likewise, toenail Cd concentrations in our sample were among the lowest compared to previous publications and toenail Se concentrations were among the highest. Because Se may suppress some of the reproductively toxic effects of Cd, it is possible that the metal-exposure profile for our sample impacted our ability observe Cd-related pregnancy and fetal-growth outcomes. This could explain why we observed more robust and consistent associations with maternal Se rather than Cd. Since dietary intake is a common source of both Se and Cd exposure, and nutrient intake can certainly influence fetal development, diet is a potential confounder that we were unable to control for in this study. Additionally, toenails were collected postpartum and should represent long-term cumulative exposures. However, if mothers drastically changed their Cd-and Seexposures after pregnancy, our measures of these elements may not be as representative of their exposures during pregnancy. We also found that adjusting for maternal ethnicity somewhat attenuated the associations between Se and IUGR, as well as between Se-Cd interaction terms and TNF Factor 2 scores; though most of associations with factor scores were unaffected. Given the already small sample size, we could not reliably stratify by ethnicity and pursue a more detailed analysis of how some of these associations may vary by ethnicity. Also, the Cdassociated variations in placental expression were not as robust as the Se-associated variations in our sensitivity analysis, due to the high proportion of Cd concentrations below the LOD. Because of these limitations, we encourage other cohorts, particularly those with larger sample sizes, greater ranges of Cd exposure levels, detailed dietary intake data, and diverse racial and ethnic backgrounds, to attempt to replicate these findings or explore similar hypotheses. Despite these limitations, which likely inhibited our ability to detect some associations, we observed potential interactions between maternal Cd and Se exposure with the placental expression of TNF and steroidogenic genes in relation to size at birth. These findings may contribute to our evolving understanding of how trace elements may perturb placental function, and influence fetal growth.
Conclusions
Maternal exposures to the trace elements Cd and Se during pregnancy are associated with variations in the placental expression of TNF superfamily genes involved in apoptotic signaling, particularly the receptors that bind to TNFα, LTα, LTβ, and Eda, and the expression of the steroidogenic genes HSD3B1 and CYP11A1. Furthermore, the expression patterns of these TNF and steroidogenic genes were also associated with size at birth. These genes and their associated pathways should be investigated further in larger samples, and those with wider ranges of exposure to Cd and Se to further clarify their potential roles in environmentally-associated fetal growth restriction.
